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Abstract  —  Cerebral  blood  flow  autoregulation  (CBF  AR)  is 
the  phenomenon  that  makes  blood  flow  constant  within  a 
physiological  range  regardless  of  blood  pressure  variations. 
When  systemic  arterial  pressure  (SAP)  increases,  vasoconstric¬ 
tion  is  taking  place  in  the  brain.  The  objective  of  the  present 
study  was  to  compare  SAP,  rheoencephalogram  (REG),  and 
carotid  flow  (CF)  measured  by  Doppler  ultrasound.  Twenty- 
eight  anesthetized  Yorkshire  pigs  were  measured  to  evaluate 
CBF  AR  during  several  CBF  manipulations:  haemorrhage, 
positive  end -expiratory  pressure  (PEEP),  and  transitory  SAP 
decrease  and  increase.  Data  were  sampled  with  200  Hz  and 
processed  off-line,  1)  Haemorrhage  elicited  a  decrease  in  SAP 
and  transitory  increases  in  REG  and  CF  amplitude;  2)  PEEP 
resulted  in  a  decrease  in  SAP  and  increases  in  REG  and  CF 
amplitude;  3)  PEEP  after  haemorrhage  caused  decreases  in 
SAP,  REG  and  CF  amplitudes.  When  CBF  AR  was  present,  it 
was  detected  by  both  REG  and  carotid  flow.  Following  haem¬ 
orrhage,  CBF  AR  was  lost;  CF  and  REG  passively  followed 
SAP,  The  clinical  importance  of  these  findings  is  that  REG  can 
be  measured  more  conveniently  and  continuously  in  humans 
than  can  t>oppler  ultrasound.  Therefore,  measurement  of  CBF 
auforegulation  by  REG  has  potential  for  use  as  a  life  sign 
monitoring  modality  . 

Keywords  —  Cerebral  blood  flow,  autoregulation,  carotid 
flow,  rheoencephalogram,  pig, 

].  Introduction 

CBF  A  utoregulalion 

In  the  brain,  cerebral  blood  flow  (CBF),  metabolism,  and 
function  are  strongly  interrelated.  Although  the  mechanism 
of  this  complex  system  is  not  well  known,  there  is  satisfac¬ 
tory  scientific  and  clinical  evidence  supporting  the  use  of 
CBF  autoregulation  (AR  =  cerebrovascular  reactivity)  for 
diagnostic  monitoring  purposes,  CBF  AR  is  defined  as  the 
phenomenon  that  makes  blood  flow  constant  despite  varia¬ 
tions  in  blood  pressure  [I,  2],  Cerebral  vascular  resistance 
varies  in  response  to  variations  in  arterial  pressure.  The 
blood  vessels  (arteriola)  in  the  brain  constrict  or  dilate  in 
response  to  changes  in  blood  pressure  between  about  50  to 
150  mmHg  systemic  arterial  pressure  (SAP),  Below  and 
above  this  limit  or  in  pathological  cases,  CBF  passively 
follows  systemic  arterial  pressure. 


FigJ  Cerebral  blood  flow  amonegulaison:  following  a  transient  decrease  in 
SAP  (arrow  I ),  CF  and  REG  amplitudes  transiently  increased.  During  SAP 

increase,  CF  and  REG  amplitudes  decreased.  Events  are  indicated  by 
arrows:  1  softy  mne  ofT-  Propofol  Kctamin  start  ( l );  start  of  ventilator  (2). 
REG:  filtered  signal  Pig  12-05-06.  fil:  10-14;  Time  window:  101.95  min, 

REG  (rheoencephalogram) 

The  physical  basis  of  REG  is  the  difference  of  electrical 
conductivity  among  tissues:  cerebrospinal  fluid  and  blood 
are  better  conductors  than  brain  tissue.  Consequently  any 
change  in  fluid  content  within  the  cranial  cavity  will  cause  a 
change  in  conductivity/impedance.  In  healthy  subjects, 
changes  in  the  REG  pulse  wave  reflect  heart  and  respiratory 
activity  as  well  as  brain  vasoconstriction  and  vasodilatation. 
Pathological  conditions  in  the  brain  typically  involve 
changes  in  fluid  content  caused  by  bleeding,  vascular  reac¬ 
tion,  cerebral  volume  changes  and  vessel  wall  hardening, 
which  is  caused  by  arteriosclerosis.  At  the  same  time,  these 
changes  can  cause  an  increase  in  intracranial  pressure  (JCP) 
and  a  resulting  decrease  in  CBF,  In  studies  of  REG  con¬ 
ducted  in  the  early  1960s,  REG  was  determined  to  be  useful 
for  monitoring  1C P  and  arteriosclerosis  [3]. 

The  US  Food  and  Drug  Administration  defined  REG  as 
follows:  "A  rheoencephalograph  is  a  device  used  to  esti¬ 
mate  a  patient's  cerebral  circulation  using  the  electrical 
impedance  method,  with  direct  electrical  connections  to  the 
scalp  or  neck  area1*  [4],  The  advantages  of  using  REG  for 
monitoring  are  that  REG  is  non- invasive  and  continuous, 
and  it  provides  an  optimal  indicator  of  CBF  autoregulation. 
The  disadvantage  of  REG  as  well  as  laser  Doppler  flowr- 
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inetry  has  been  that  neither  measures  CBF  in  absolute  units. 
However,  the  development  of  electronics  and  computation 
that  has  occurred  since  the  1960s  now  allows  online  calcu¬ 
lation  of  REG  derivatives. 

The  objective  of  the  present  study  was  to  compare  SAP, 
REG,  and  carotid  flow  (CF), 


II.  Methods 

CBF  AR  responses  of  42  anesthetized  Yorkshire  pigs  were 
evaluated  during  several  CBF  manipulations:  haemorrhage, 
positive  end-expiratory  pressure  (in  PEEP  group  only),  and 
transitory  SAP  decrease  and  increase.  Pigs  were  anesthetized 
with  isoflurane  and  propofol/ketamin  anaesthesia.  The  ani¬ 
mals  were  monitored  both  with  a  bispectral  index  (BIS)  de¬ 
vice  (A-2000,  Aspect  Medical  Systems,  Newton,  MA)  and 
with  an  anaesthesia  monitor  (isoflurane,  02 ,  CCL)  with  RGM 
5250  (Datex  -  Ohmeda,  Louisville,  CG).  CBF  AR  was  evalu¬ 
ated  first  by  visual  inspection  of  traces  to  establish  the  pres¬ 
ence  of  CBF  AR.  In  the  PEEP  group,  13  pigs  were  measured. 
In  the  cases  of  SAP  and  CF  traces,  AR  was  evaluated  only  by 
visual  analysis;  some  recordings  offered  more  than  one  CBF 
AR  response;  therefore,  in  total  18  records  were  compared 
within  this  group.  Haemorrhage  and  transitory  SAP  changes 
were  evaluated  as  CBF  manipulation  in  both  subgroups.  In 
the  COMP  group  (“complement  activation”),  33  pigs  were 
measured;  few  were  excluded  because  of  missing  CF,  REG  or 
artefact-contaminated  recordings;  CBF  AR  response  used  for 
statistical  evaluation  was  performed  in  25  cases. 

SAP  was  measured  with  a  Microtip  disposable  pressure 
transducer  inserted  into  the  femoral  artery,  with  a  transducer 
control  unit  (Millar  Instruments,  Houston,  TX),  and  with  a 
Digi-Med  Blood  Pressure  Analyzer,  (Micro-Med,  Louisville, 
KY).  CF  was  measured  on  the  right  carotid  artery  with  T201 
ultrasonic  blood  flow  meter  (Transonic  Systems,  Ithaca,  NY), 
REG  was  measured  with  a  KR-Ea  RHEO  Preamp  (45  kHz; 
Galileo,  Italy),  a  bipolar  system.  Two  electrodes  wfere  made 
from  stainless  steel  (40  mm  in  length)  and  implanted  into  the 
brain  via  a  burred  hole  (about  10  mm  parasagi Italy  on  the 
right  side;  in  ter- electrode  distance  of  1 0-20  mm)  above  and 
below  the  fronto-parietal  sutura,  Electrodes  were  fixed  to  the 
skull  with  Vetbond  tissue  adhesive  (3M,  St.  Paul,  MN)  and 
instant  adhesive  454  (Loctite,  Hartford,  CTf  Average  inter- 
electrode  resistance  was  l  .9  ohm  +/-  0.55  (n  =  25). 

Data  were  sampled  with  200  Hz  analogue  digital  conver¬ 
sion  rate  using  DASH- 18  (Asiro-Med,  (West  Warwick,  RI) 
and  with  a  Dell  PC  equipped  with  an  analogue  digital  con¬ 
verter  card  (PCI  6052  E,  National  Instruments,  Austin,  TX); 
both  analogue  digital  cards  had  16  bit  resolution.  In  the  PC, 
DataLyser  software  (Baranyi)  was  used  for  recording.  Data 
were  processed  off-line. 


SAP 


Carotid 

Flow 


REG 

Filtered 

REG 

CVP 


Fig. 2.  The  effect  of  PEEP  on  CBF  with  intact  AR.  SAP  decrease  was 
elicited  by  PEEP  with  20  water  cm  pressure.  CF  and  REG  amplitude  in¬ 
creased.  CVP:  central  venous  pressure.  Pig  (PEEP  12)  Propofol/Kctamin 
anesthesia;  time  window:  1435  sec:  file  1 3-37  (7 1 7,5-2 152.6  s). 


Data  processing  involved  measurement  of  30  second 
traces  (6000  data  points)  of  SAP,  CF  and  REG  using  Data¬ 
Lyser,  DataLyser  is  based  upon  LabVIEW  software  (Na¬ 
tional  Instruments,  Austin,  TX)  specifically  developed  to 
display,  store  and  quantify  analogue  physiological  signals. 
In  the  PEEP  group,  REG  was  filtered  with  0.5  -  100  Hz, 
Butterworth,  512  points,  order:  5,  attenuation:  40  dB. 

Mean  values  of  SAP,  standard  deviation  of  CF  and  REG 
signals  were  used  for  statistical  comparison.  The  control 
samples  were  taken  from  each  modality  before  SAP  change. 
The  CBF  AR  sample  was  taken  at  the  time  of  maximal 
response  in  REG  and  CF.  Data  were  exported  into  an  Excel 
(Microsoft,  Redmond,  WA)  spreadsheet  for  further  process¬ 
ing.  Percentage  change  between  control  and  CBF  AR 
maximum  was  used  to  compare  SAP,  CF  and  REG  to  each 
other  Paired  Student's  i-tesi  was  used  for  statistical  com¬ 
parison.  P  value  less  than  0.05  was  considered  significant. 


III.  Results 

In  the  PEEP  group,  60  CBF  AR  responses  were  ob¬ 
served,  covering  SAP  increases  and  decreases,  haemorrhage 
and  transitory  SAP  changes. 

Comparison  between  the  PEEP  and  the  COMP  groups 
showed  a  significant  difference  in  percentage  changes  in 
only  one  case:  REG  (p>  0.000 1 )  (see  Table  l).  When  CBF 
AR  was  present  in  both  groups,  it  was  detected  by  both 
REG  and  carotid  How.  Following  haemorrhage,  CBF  AR 
was  lost;  CF  and  REG  passively  followed  SAP. 
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Table  I  Summary  of  percentage  changes.  SD:  standard  deviation;  P- 
probability;  groups:  P  calculation  among  groups 


SAP 

CF 

REG 

PEEP  Group  (n=  1 7) 

Mean 

43.93 

108,91 

253.23 

SD 

10.51 

61.12 

190,26 

P 

0.000 1 

0.0022 

0.0001 

Groups 

SAP-CF 

CF-REG 

SAP-REG 

COMP  Group  (n=25) 

Mean 

39.69 

88,17 

64.lt 

SD 

16,66 

70.32 

61.34 

P 

0.0005 

0,1 

0.06 

Groups 

SAP-CF 

CF-REG 

SAP-REG 

PEFP  -  COMP  Group  Comparison 

P 

0.3 

0.3 

0.0001 

Groups 

SAP-SAP 

CF-CF 

REG-REG 

In  the  PEEP  group  there  were  significant  changes  among 
SAP,  CF  and  REG.  These  results  were  partly  caused  by 
higher  REG  values,  caused  by  filtering  of  the  REG  signal; 
similarly,  a  significant  difference  in  REG  values  was  obser¬ 
ved  between  the  PEEP  and  COMP  groups  (see  Table  1). 

CBF  AR  was  not  related  to  COi  alteration,  as  shown  by 
simultaneously  the  recorded  CGK  trace. 


IV.  Discussion 

The  advantage  of  REG  monitoring  is  that  it  is  continuous 
and  non-invasive.  The  drawback  is  that  no  clear  patho¬ 
physiological  background  is  known  to  have  multiple  influ- 
encing  factors.  An  extensive  overview  of  such  influencing 
factors  was  beyond  the  scope  of  the  present  study  but  was 
detailed  previously  by  Moskalenko  and  Jcnkner  [5,6], 

Clift  teal  considerations 

The  ultimate  goal  of  our  work  is  to  develop  a  vital  sign 
monitor  using  REG,  Such  a  device  would  be  useful  in  neu¬ 
rosurgery  intensive  care  units  (NICU).  Typically,  CBF  is 
monitored  in  NICU  once  a  day  by  Doppler  ultrasound. 


which  in  this  case  measures  CBF  on  the  middle  cerebral 
artery;  however,  this  measurement  is  not  a  continuous  pro¬ 
cedure.  The  probability  of  detecting  vasospasm  in  recent 
clinical  practice  is  low,  although  such  a  capability  would  be 
lifesaving  [7].  Once  its  diagnostic  potential  and  limitations 
have  been  established,  REG  has  the  potential  to  be  an  opti¬ 
mal  CBF  AR  monitoring  modality. 

The  necessity  of  using  a  continuous  non-in vasive  CBF 
monitor  is  that  the  traditional  vital  sign  monitors  used  in  the 
NICU  arc  not  sufficient.  Such  monitors  measure  cardiores¬ 
piratory  modalities  but  not  brain-related  ones.  For  example, 
during  elevation  of  intracranial  pressure,  which  is  a  poten¬ 
tial  risk  in  many  patients,  signs  of  increased  1CP  are  hyper¬ 
tension,  bradycardia,  and  irregular  respiration  (the  “Cushing 
response1').  In  this  case,  the  SAP  value  alone  can  be  mis¬ 
leading  for  the  hypotensive  patient, 

PEEP  is  used  clinically  to  increase  the  percentage  of 
saturation  in  red  blood  cells  by  retaining  air  in  the  lungs  for 
an  increased  period  of  time.  Here  we  observed  that  PEEP,  in 
combination  with  hypotension,  causes  decreased  CBF  (loss 
of  CBF  AR)  and  with  potential  for  unwanted  neurological 
complications  in  human  neurosurgical  patients. 

REG  Signal  Processing 

All  stored  records  that  showed  changes  in  SAP,  CF  and 
REG  were  available  for  visual  evaluation.  Although  the 
qualitative  summary  involved  other  pigs,  the  statistical 
evaluation  included  only  those  pigs  with  SAP,  CF  and  REG 
traces  (PEEP;  17  +  COMP:  25=42).  Also,  a  single  pig  may 
have  been  used  in  more  than  one  sample. 

The  main  problem  in  using  REG  for  vital  sign  monitor¬ 
ing  is  the  need  to  clean  the  REG  signal  from  various  arte¬ 
facts  and  to  identify  the  pathophysiologic  background  of 
alterations  in  the  REG  pulse  wave.  Biological  artefacts 
include  the  following;  1)  respiration  (a  subharmonie  with 
the  alternating  frequency  of  respiration);  2)  M-wave  (a 
subharmonic  of  3-9  oscillations  per  minute)  [&],  which  is 
the  result  of  a  sympathetic  influence  on  SAP;  and  3)  a  re¬ 
flection  of  changes  in  ICP  [3,9].  Artefacts  l  and  2  were 
successfully  decreased  by  used  a  filtering  method. 

A  bipolar  REG  signal  contains  only  the  AC  (pulsatile) 
component  of  the  electrical  resistance  between  two  elec¬ 
trodes,  which  is  about  5  percent  or  less  of  the  total  resis¬ 
tance  [10].  Additionally,  REG  is  a  biphasic  signal;  conse¬ 
quently,  its  amplitude  change  as  relevant  biological 
information  can  not  be  processed  with  a  simple  reading  and 
summarizing  of  the  minimum  maximum  distance  of  a 
pulse  curv  e.  The  same  problem  occurs  during  calculation  oT 
the  REG  pulse  integral;  in  both  eases,  negative  numbers  will 
be  subtracted. 
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We  also  analyzed  REG  by  means  of  the  amplitude  histo¬ 
gram  method;  the  respiratory  and  other  sub-harmonics 
caused  misleading  information,  often  resulting  in  much 
larger  values  than  the  REG  pulse  itself.  In  the  ease  of  our 
REG  signals,  the  FFT  showed  a  dominant  frequency  of 

Q.l  Hz.  The  high  pass  filtering  method  used  in  the  PEEP 
group  decreased  the  amplitude  of  unwanted  sub-harmonics 
caused  by  respiration  and  M  waves  and  also  caused  a  phase 
shift  and  a  pulse  distortion,  making  the  REG  signal  unavail¬ 
able  for  use  in  further  analysis.  Additional  REG  signal 
processing  was  detailed  previously  [11,  12]* 

Anatomical  background  and  anaesthesia 

Anatomical  background.  The  known  discrepancy  in  the 
correlation  between  carotid  flow  and  REG  has  a  recognized 
anatomical  cause,  It  was  previously  described  that  the  in¬ 
volvement  of  a  vessel  in  CBF  AR  is  size -dependent:  larger 
arteries  are  less  involved  than  arteriola  [13].  Consequently, 
the  arteriolar  change  observed  in  brain  by  REG  reflects 
arteriolar  function  more  than  it  reflects  functions  in  larger 
arteries  (e.g.  carotid). 

Anaesthesia.  Although  anaesthesia  was  controlled  by  BIS 
monitoring,  the  transition  between  the  two  types  of  anaes¬ 
thesia  was  not  uniform.  However,  CBF  measurement  was 
not  the  main  purpose  of  these  experiments  and  provided 
only  a  peripheral  variable,  which  served  as  a  useful  index  of 
the  maintenance  of  physiological  responsiveness  within  the 
range  of  CBF  AR. 

V,  Conclusions 

The  novelty  of  this  work  is  that  the  correlation  demon¬ 
strated  between  CBF  and  REG  amplitude  is  comparable  to 
that  obtained  by  means  of  carotid  flow,  the  accepted  gold 
standard  of  CBF.  Prior  to  this  study,  the  standard  deviation 
of  REG  pulse  amplitude  was  not  used  to  characterize  CBF 
AR,  The  use  of  standard  deviation  of  REG  amplitude 
proved  to  be  a  useful  variable  in  handling  the  biphasic  REG 
signal  in  which  case  the  negative  values  could  not  be  calcu¬ 
lated.  Additionally,  an  improved  signal-to-noise  ratio  was 
achieved  by  use  of  filtering. 

This  study  shows  that  REG  has  potential  for  use  as  a 
non-in vasive  brain  monitoring  modality,  with  applications 
as  both  a  field  neuro-rescue  device  [7]  and  as  an  endpoint 
for  resuscitation  efforts. 

Human  and  animal  studies  are  in  progress  to  find  correla¬ 
tion  with  quantitative  brain  tissue  perfusion  during  various 
CBF  manipulations. 
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